Fusion between vesicles, cells, or organelles may be defined as confluence of two membrane-bound compartments without access of their solutes to external milieu. To study fusion by this criterion, we have trapped the metallochromic calcium-sensitive dye, arsenazo III (AIII), partially calcium-saturated (AIIICa) Fusion of biological membranes is required for such processes as phagocytosis, secretion, cell division, and poly-or heterokaryon formation (1). Although quantification of the process is difficult, varying degrees of success have been reported with such fusion systems as cell-cell (2, 3), cell-liposome (4-7), organelle-organelle (8, 9), organelle-liposome (10), and liposome-liposome ( 1-13). Techniques used to demonstrate fusion have included light and electron microscopic observation (2-5, 9, 12, 14, 15), determination of the redistribution of labeled lipids and solutes between fusing species (3-7), and indirect measurements of optical properties of fusing vesicles (16 
percent cortisol (a membrane stabilizer) in the liposome membranes, fusion induced by fusogens was reduced 2-fold. Neither multi-nor unilamellar liposomes fused with each other in the absence of exogenous fusogens, despite wide variations in molar lipid ratios. Results suggest that liposome-liposome fusion is a slow process requiring exogenous fusogens, which may depend upon contributions of other membrane constituents to mimic closely the fusion of natural membranes.
Fusion of biological membranes is required for such processes as phagocytosis, secretion, cell division, and poly-or heterokaryon formation (1) . Although quantification of the process is difficult, varying degrees of success have been reported with such fusion systems as cell-cell (2, 3), cell-liposome (4) (5) (6) (7) , organelle-organelle (8, 9) , organelle-liposome (10) , and liposome-liposome (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) . Techniques used to demonstrate fusion have included light and electron microscopic observation (2-5, 9, 12, 14, 15) , determination of the redistribution of labeled lipids and solutes between fusing species (3) (4) (5) (6) (7) , and indirect measurements of optical properties of fusing vesicles (16) . None of these, however, permits conclusions to be drawn, as to the provenance of solutes in the aqueous interiors of the fusing structures. The ideal form of fusion between two membranebounded structures, [A] and [B] , in medium [C], would require Abbreviations: As in previous communications (17, 21, 22) a shorthand system of notation will be used to describe liposomes. L, indicating liposomes, is followed in parentheses by the molar ratios of membrane lipids, as in L(PC90:DCP10) to indicate phosphatidylcholine and dicetylphosphate in these molar ratios. All entrapped solutes are next written in square brackets such as [AIII-Ca] EGTA can be used to quantify liposome-liposome fusion. By such means we have studied the effects of exogenous "fusogens," such as lysolecithin and retinol, which promote the formation of poly-and heterokaryons (2, 19) , and which promote lysosome-cell membrane fusion in phagocytic cells (20) . (17, 21, 23) . Lipids (15 ,mol/ml), in molar ratios specified below, were dissolved in chloroform (6 ml), evaporated to a dry film in a rotary evaporator, and permitted to stand for 2 hr in "swelling solution" (generally 6 ml). The solutions were composed either of (A) 4 diffusion was determined experimentally. In control mixtures (no added fusogen), this correction factor was estimated from maximum possible diffusion rates of free solutes, and averaged 2% (n = 5).
MATERIALS AND METHODS
In experiments in which added fusogens provoked timedependent increments in lysis, it was necessary to correct Pt for the decrement in Awo due to loss of dye from the liposome fraction (rather than decrement due to access of EGTA). Lysis was quantitated chromatographically as described above. and indications of substantial decreases with retinol at both concentrations used. The estimation of fusion from the results on rechromatographed liposomes is not subject to error due to lysis, but is to error due to diffusion. The results in Fig. 3 show that AIII-Ca in rechromatographed liposomes in a fusion mixture (lysolecithin, 100 tig/ml, 20 hr) remains entrapped and inaccessible to external Ca. Only upon lysis does exogenous Ca cause an increase in the A6W/A56o ratio. Subsequent addition of EGTA converted AIII to the free form.
Analysis of Lysis, Diffusion, and Fusion in I4AIII-Cal + LEGTA]. Table 2 shows the results of five experiments on fusion induced by lysolecithin. Percent lysis was taken as zero at zero time in the control mixture (though there was measurable free dye in these mixtures); in each experiment percent lysis was expressed after correction for free dye in the control mixture at zero time. Lysolecithin caused significant lysis upon addition (16.3%) but little further lysis during 5 hr (2.7%), about the same as in the control mixture (1.9%). After the corrections of percent AIII-Ca EGTA AIII for diffusion and lysis, there is substantial change, which is best interpreted as determine whether liposomes fuse in the absence of exogenous fusogen. Some preparations of liposomes contained endogenous lysolecithin (up to 8 molar percent). These experiments included attempts to demonstrate fusion between unilamellar liposomes with themselves as well as fusion between uni-and multilamellar liposomes (11) . Table 4 shows A660/A56o ratios for mixtures of several liposome preparations incubated at 370 for up to 5 hr. There was no evidence of fusion, lysis, or diffusion (measured as changes in A6o/A560) in any of nine kinds of 1i-posomes, including samples prepared as in ref. 11 . However, an exact analogy between this system and that described by Paphadjopolous et al. (11) cannot be drawn since unilamellar liposomes might fuse only with the outermost compartment of the multilamellars, containing 10% of their total volume (26) . Therefore, our system may be less sensitive in assays of fusion in mixed liposome systems. DISCUSSION liposomes, prepared with considerable variations in their lipid composition, were incubated in the absence of exogenous fusogens for up to 24 hr at 37°.
(ii) Lysis of the liposbmes, either by detergent or exogenous fusogen, disrupts the lipid membranes, leading to a mixture of free AIII-Ca and EGTA. The spectrum of dye, now present as AIII (together with colorless EGTA-Ca), shifts, and the mixture turns pink or red (absorption maximum 560 nm). Rechromatography of mixtures containing lysed liposomes yielded free dye retained by the column, whereas unlysed vesicles were excluded.
(iii) Were diffusion to have been provoked by detergent or fusogen, free AIIIHCa or EGTA (such as that released from lysed structures) would permeate otherwise intact lipid structures. These would now be excluded by Sepharose 2B upon chromatography, and red dye would emerge within liposomes. It proved possible to control for this process by simply incubating L[AIII-Caj with free EGTA. No more than 8% ( equally to detergents in the presence of EGTA (17) .
(iv) Actual fusion between L[AIII-Ca] and L[EGTA] appeared to have been induced when the exogenous fusogens, lysolecithin and retinol, were introduced into mixed populations of the vesicles. The dye, a portion of which was now in the red, or free, form after admixture with EGTA, emerged with the lipid peak upon rechromatography. Moreover, the dye-to-lipid ratios of the emerging, partially fused liposomes were the same as those of the original fusion mixtures. Finally, the red AIII emerging with liposomes was still within lipid barriers (as were AIII-Ca and EGTA remaining in unfused liposomes). Added Ca converted neither partially saturated AIII-Ca to saturated AIII-Ca nor AIII to AIII-Ca (Fig. 3) , and subsequent addition of detergent with excess EGTA was required to obtain complete reversion of dye (blue-red shift).
Several other studies have reported fusion of liposomes with other liposomes (11) (12) (13) (14) (15) , thin lipid films (14-15), cells (3) (4) (5) (6) (7) , and organelles (10) . Persuasive evidence has also been offered that the lipids of uni-and multilamellar liposomes exchange with each other (11) . Indeed, various chromatographic (11, 13) , ultrastructural (11, 13) , proton magnetic resonance spectroscopic (12, 13) , and optical (16) techniques have been used to demonstrate the formation of "fused" particles -larger than the parent populations. However, in contrast to compelling evidence that enzymes or macromolecules trapped within liposomes can be introduced by nonphagocytic means into target cells (4-7), transfer of solutes from one population of liposomes to another has not been demonstrated. Although liposomes prepared with fluorescent (27) or conductance (15) probes exchange these sensitive markers with black lipid films, such demonstrations offer no incontrovertible proof that communication had been established between two lipid-bounded spaces through which liposome-associated probes can exchange without exhibition to the external medium.
In order for protein-free, lipid vesicles to undergo fusion in vitro, somewhat unphysiological conditions must be established (11, 12, 15) . Moreover, the periods of interaction required would appear to be too prolonged to account in satisfactory fashion for the fusion of natural membranes. We have reported elsewhere, for example, that over 50% of lysosomal constituents are secreted from human leukocytes into the external milieu within 1-5 min after humoral stimulation of vesicle-plasma membrane fusion (28) . Therefore, although we and others have found that pure liposomes prepared with, or incubated in, unphysiologic amounts of lysolecithin (14) , phosphatidylserine (11), alamecithin (12), or saturated hexane solutions (15) will eventually fuse with one or another artificial bilayer model, natural fusion processes may well require the participation of as yet unidentified membrane constituents. Indeed, a rapid rearrangement of integral membrane proteins appears to accompany the natural fusion process in living cells (29) . The absence of such constituents may explain, in part, our inability (by means of the method described above) to demonstrate liposome-liposome fusion in the absence of exogenous fusogens, despite uni-or multilamellar liposomes of different compositions.
